There is good evidence that electron-positron pair formation is not present in that section of the pulsar open magnetosphere which is the source of coherent radio emission, but the possibility of two-photon pair creation in an outer gap remains. Calculation of transition rates for this process based on measured whole-surface temperatures, combined with a survey of γ-ray, X-ray and optical luminosities, expressed per primary beam lepton, shows that few Fermi LAT pulsars have significant outergap pair creation. For radio-loud pulsars with positive polar-cap corotational charge density and an ion-proton plasma there must be an outward flow of electrons from some other part of the magnetosphere to maintain a constant net charge on the star. In the absence of pair creation, it is likely that this current is the source of GeV γ-emission observed by the Fermi LAT and its origin is in the region of the outer gap. With negative polar-cap corotational charge density, the compensating current in the absence of pair creation can consist only of ions or protons. These neutron stars are likely to be radio-quiet, have no observable γ-emission, and hence can be described as dark neutron stars.
INTRODUCTION
Gamma-ray emission in the 0.1−100 GeV interval is now the most systematically studied part of the pulsar electromagnetic spectrum apart from the coherent radio emission, the results being published in the Second Fermi LAT Catalogue (Abdo et al 2013) containing spectra for 117 pulsars. Anticipation of it has inspired many theoretical papers, mostly directed towards an understanding of the complete X-ray and γ-ray spectrum generated by synchrotron and curvature radiation, also the emission geometry in terms of the observed relative pulse longitudes of the radio and γ-emissions (see Takata, Chang & Shibata 2008; Venter, Harding & Guillemot 2009; Wang, Takata & Cheng 2011; Vigano, Torres & Martiń 2015a; Pierbattista al 2016 and papers cited therein) . The present paper is less ambitious being addressed to the implications of the Fermi LAT spectra for the broad nature of the magnetosphere in neutron stars with polar-cap Ω · Bs either positive or negative (Ω is the rotation angular velocity and Bs the polar-cap magnetic flux density). The implications and conclusions reached follow from the following basis: that neutron stars which are sources of radio emission with the almost universal large negative spectral index are those with polar-cap Ω · Bs < 0 and an ion-proton ⋆ E-mail: p.jones1@physics.ox.ac.uk plasma. Observational and other evidence for this conclusion has been summarized previously (Jones 2016 ) and we believe it to be strong.
The theory of γ-emission at GeV energies was studied before the launch of Fermi LAT. Earlier observations (Thompson et al 1996) had shown the process to be remarkably efficient, indicating radiation-reaction-limited curvature radiation as the source (see, for example, Romani 1996) . Our phenomenological analysis of the Fermi LAT spectra described in Section 2 although less detailed than that of Vigano et al confirms this.
As in a previous analysis of radio luminosities (Jones 2014 ), the energy emitted per unit charge at GoldreichJulian flux densities (Goldreich & Julian 1969) removes one source of variability from pulsar to pulsar and proves to be an informative parameter. We adopt a simplified version of the outer-gap model introduced by Cheng, Ho & Ruderman (1986) , following a very early paper by Holloway (1973) , and later extended by Cheng, Ruderman & Zhang (2000) .
Magnetospheric structure in the vicinity of the light cylinder RLC is remote from the complications possible near polar caps and should have some degree of universality with length-scales linear in the rotation period P , the only unknown being the angle ψ between the magnetic dipole and rotation axes. On this basis, the phenomenological analysis of Section 2 confirms that the Fermi LAT spectra of both young and millisecond pulsars (MSP) are consistent with a simple model of radiation-reaction-limited curvature radiation. Pair production of the order of the Goldreich-Julian density does occur in a small number of neutron stars with relatively high whole-surface temperatures as a consequence of the Breit-Wheeler process (γγ → e + e − ; Breit & Wheeler 1934) . This partially screens the outer-gap acceleration field E , reducing it to a lesser valueẼ in such cases. (In this paper, the subscripts parallel and perpendicular refer to the local magnetic flux direction.) This process is described in some detail in Section 3. Many Fermi LAT catalogue pulsars have no other observed emission and most of the remainder emit otherwise only at radio frequencies. But a small number of young short-period pulsars, particularly J0534+2200, also have high-luminosity emission at optical and at soft Xray energies (0.3 to 10 keV). The emission of photons of the order of 1 TeV has been observed in the case of J0534+2200 (Aliu et al 2011 , Ansoldi et al 2016 . A survey of no more than orders of magnitude of the the γ, X-ray and optical luminosities allows one to infer that there is little or no pair creation in all except a very small number of Fermi LAT pulsars.
The implications of this modelling are considered first for neutron stars with polar-cap Ω · Bs < 0 and an ionproton plasma. The compensating current is of electrons and the conclusion is that these comprise almost all of the Fermi LAT catalogue. Electron acceleration in neutron stars with Ω · Bs > 0 has been studied in some detail (see, for example, Harding & Muslimov 2001 , 2002 Hibschman & Arons 2001 ). Whilst we must anticipate that such stars exist, our belief is that except when very young, they are neither ordinary coherent radio-emitters or gamma-ray emitters in the Fermi LAT energy interval. We refer to them as dark neutron stars which should be present, possibly with intensities too low for observation, in other parts of the electromagnetic spectrum. The arguments for these conclusions are given in Section 5.
CURVATURE RADIATION
We assume here the simplest possible variant of the outergap model in which there is an interval of electric field E of length l0 within the light cylinder radius RLC . A notional estimate of this unscreened field can be obtained directly from the values of Bs and P . It is,
where R is the neutron-star radius and Bs is specifically the inferred polar-cap dipole field. The radius of curvature adopted is fixed, ρ = RLC / √ 3, the value at the null point Ω·B = 0 of the last closed field-line in a magnetically aligned neutron star. The radius of curvature is not a rapidly varying function of position, being in the aligned case ρ = RLC /3 at the equator. In Tables 1-3, the length of the finite-E region is set at the reference value l ref 0 = 0.1RLC . We are confident that as functions of Bs and P , the parameters l0, ρ and E will scale as indicated. The observed cut-off energies Ec in the Fermi LAT catalogue are treated as curvature radiation cut-offs for a mono-energetic group of electrons. The values of the energy that can in principle be gained, eE l ref 0
are given in column 4 of Tables 1-3. Values of the radiation-reaction-limited electron Lorentz factor γ obtained directly from ρ and Ec are in column 7. The radiation-reaction-limited curvature-photon energy released by an electron traversing l0 is,
neglecting any inverse Compton scattering process that could also contribute to energy loss. Comparison of L and E rl with the energy γmc 2 derived from column 7 demonstrates the effect of radiation-reaction-limited emission. All energies are per electron and in units of GeV. Estimates of the measured γ-ray luminosity L and the spin-down energy loss E sd per electron are obtained by assuming GoldreichJulian fluxes for the alignment case ψ = π, with circular polar caps of radius,
Harding & Muslimov (2001), with f (1) = 1.368 and R = 1.0 × 10 6 cm for consistency with the ATNF Pulsar Catalogue (Manchester et al 2005) from which the values of Bs have been drawn.
There is no attempt here to account for the shape of individual spectra in the Fermi LAT catalogue which vary significantly from pulsar to pulsar, particularly in the interval 100 MeV to 1 GeV. The mono-energetic group of electrons assumed does not fit the spectral shapes below Ec or the values of the parameter Γ in the catalogue. Clearly this is a consequence of our neglect of contributions to the spectrum from synchrotron radiation and inverse Compton scattering. Also we ignore lower-energy groups of electrons which must be present in the source region as a consequence of boundary conditions satisfied by the acceleration field or of pair creation. Fig. 1 shows the distributions of L/E rl separately for normal young pulsars and for MSP. Two features are obvious. Both distributions have an order-of-magnitude width and contain a small fraction of pulsars with L ≫ E rl . The values of E rl are a substantial under-estimate of L but within the limitation imposed by the small numbers concerned, there is no indication that the two distributions are other than identical. Given the several orders of magnitude differences in typical values of Bs and P for the two sets, the latter is an indication that the model is soundly based although it is possible that the assumed value of l0/ρ 2 is too small. The are a number of explanations for the widths. These may be, at least in part, a consequence of the unknown spread in magnitude of the angle ψ between the spin and magnetic moment axes, whose value must affect the geometry of the emission region. It is possible that there may be a caustic in one of the variables defining the γ-ray beam profile. A wide spread in observed emissivity per unit charge is also a feature of radio emission (see Jones 2014) for which there may be a similar explanation. Abdo et al (2013; equation 15 ) assumed a beam correction factor fΩ = 1 corresponding to a fan-beam sweeping out 4π steradians. This is appropriate for a catalogue, but the true value may be more nearly fΩ ∼ 10 −1 . The presence in Tables 1-3 of 9 pulsars for which the observed quantities L E sd suggests that these explanations are relevant to both normal young pulsars and MSP and may explain why the values of E rl underestimate L.
The remaining comparison to be made in Tables 1-3 is in the ratio of the energy transfer eE l ref 0 , which would occur if the field were the notional unscreened field defined by equation (1), to E rl . Here there are a few very large values, in particular, for the Crab pulsar J0534+2200. This means that in this case, the notional acceleration field E very much over-estimates the true fieldẼ . Consideration of possible pair-production processes in regions beyond the null point Ω·B = 0 on the last closed flux line shows that the origin of the screening is the Breit-Wheeler process described in this context by Cheng, Ho & Ruderman (1986) . This ratio given by Tables 1-2 for normal pulsars has some large values for small characteristic age τc, perhaps the best universal indicator of the whole-surface temperature T ∞ s seen by a distant observer. But for pulsars in Tables 1 and 2 with τc 10 5 yr the mean ratio is 1.70, almost identical with 1.66 for the MSP, indicating that our very basic model assumptions are not too badly wrong. This correlation between E /Ẽ and age is not inconsistent with the presence of the Breit-Wheeler process. The MSP have characteristic ages of the order of 10 9 yr and in this respect are a homogeneous group, again consistent with middle-aged normal pulsars. Unfortunately, few whole-surface temperatures are known for Fermi LAT pulsars, but published values will be quoted and used in Section 3.
The conclusion of this Section is that curvature radiation from a Goldreich-Julian flux of electrons is adequate to explain Fermi-LAT γ-ray luminosities and, specifically, that the observed spectral cut-offs are those of curvature radiation. The electron acceleration region must be in the open sector of the magnetosphere and on flux lines separate from those which are the source of the coherent radio emission. Precisely how the electrons arrive there in the absence of self-sustaining Breit-Wheeler pair creation is a question that is considered in Section 5.
SCREENING BY PAIR CREATION
There are a limited number of processes to be considered in relation to screening by electron-positron pair creation. We refer to Daugherty & Harding (1983) for an extensive survey of single-photon magnetic conversion. The asymptotic expression for the transition rate given by equation (17) of their paper has to be evaluated at the null point Ω·B = 0 on the last closed flux line. Let us assume that an attenuation rate of 10 −10 cm −1 can be regarded as negligible. Then for 5 GeV photons with k ⊥ /k = 0.1 this rate requires a local magnetic flux density B ≈ 10 −4 Bc = 4.4 × 10 9 G. For the Crab pulsar, this would be at a null point radius r ≈ 10R, which is possible only for a very small interval of ψ near π/2. Thus there could be some contribution from this process but it is unlikely to be significant. Inverse Compton scattering of black-body photons by electrons with the Lorentz factors given in Tables 1-3 is in principle a source of photons energetic enough for magnetic conversion, but the crosssection is small at the Lorentz-invariant total energy squared s ≈ 2mc 2 γǫ bb ≈ 10 4 (mc 2 ) 2 of the present case. (Here m is the electron mass and ǫ bb ∼ kBT ∞ s is the photon energy in the fixed observer frame for whole-surface temperature T ∞ s .) Following Cheng, Ho & Ruderman, the important process capable in principle of giving a stable and significant rate of pair production is the collision of black-body and curvature radiation photons. The Lorentz-invariant total energy squared is s = 4ǫǫ bb sin 2 (ζ/2) > 4(mc 2 ) 2 , where ζ is the angle between the momenta of the photons in the fixed observer frame. The cross-section in the centre-of-momentum frame is,
in terms of the Thomson cross-section σT , with w 2 = (s − 4m 2 )/s. The transition rate per unit volume is Lorentz invariant (see Breit & Wheeler 1934) and in consequence we can write down directly in the fixed observer frame an expression for the number of pairs produced per primary electron traversing the emission region. It is,
in which Fc is the rate of curvature radiation photon creation per electron, and F bb the blackbody flux in the fixed observer frame. Equation (5) assumes, for simplicity, that acceleration to the radiation-reaction-limited Lorentz factor is rapid so that curvature radiation emission with cut-off Ec occurs only within the emission region of length l0. The blackbody flux at radius r is,
in which n is here the blackbody occupation number. (Any complications arising from the composition of the atmosphere are ignored.) We obtain Fc from the curvature radiation power loss for an electron of fixed γ, as is appropriate in the radiation-reaction limit. It is,
hc ρEc defined by equation (1) in terms of the period P and the polar-cap dipole field Bs given in the ATNF Pulsar Catalogue. The observed spin-down energy loss-rate E sd and luminosity L are those of Abdo et al expressed in GeV per primary electron. The radiation-reaction-limited values of the Lorentz factor γ and consequent energy transfer are contained in columns (7) & (9) and assume that the acceleration region is set at a reference length l ref 0
= 0.1R LC . The cut-off energies Ec in column 6 are those of Abdo et al. Column 10 gives the luminosity L X per unit primary electron of X-ray flux in the interval 0.3 − 10 keV for pulsed X-ray sources. Column 11 gives the luminosity L V of the optical V-band flux, also for pulsed sources. The data are drawn directly from Tables 15 -17 of Abdo et al (2013) assuming a beam correction factor f Ω = 1 and are given here for convenient reference. where K is a modified Bessel function of the second kind. The number of pairs given by equation (5) is proportional to P −2/3 , given that ρ = RLC / √ 3.
The length interval l0 in which the radiation-reactionlimited emission occurs is broadly tangential to the light cylinder at r ≈ RLC owing, in part, to the Lorentz transformation from the rotating to the fixed observer frame in which equation (5) is evaluated. Aberration of the blackbody photons is negligible. Thus we assume a reference value ζ = π/2. The evaluation of equation (5) 
The reference value n ref ±
is shown in Fig. 2 as a function of T ∞ s for values of Ec relevant to the Fermi LAT catalogue. This refers only to pair creation inside the acceleration region. Pair creation beyond this is also present, the number being n sec ± per primary electron, and undoubtedly makes a contribution to synchrotron radiation at X-ray energies, but is not considered here in relation to screening. The connection between n± and the level of screening can be established only by detailed model calculation. Our assumption here is simply that n± ≈ 1 represents a large reduction in E or in l0 or both. The most recent compilation of pulsar black-body temperatures is that ofÖzel (2013). Unfortunately, surface temperature is one of the more interesting but elusive pulsar parameters and of those listed, only J0633+1746 (6.3 × 10 5 K), J0659+1414 (5.7 × 10 5 K), J0835-4510 (5.8 × 10 5 K), J1057-5226 (5.9 × 10 5 K), J1119-6127 (6.2 × 10 5 K) and J1709-4429 (5.8 × 10 5 K) also appear in the Fermi LAT catalogue. Values of n± obtained from these temperatures are, for J0835-4510 (4 × 10 −2 ), J1057-5226 (1.3 × 10 −2 ) and J1709-4429 (7 × 10 −2 ). The very young pulsar J1119-6127 has n± = 0.55, indicative of partial screening. The remaining two have values less than 10 −2 . The case of J0534+2200, the Crab pulsar, is different. Yakovlev & Pethick (2004) give only an upper limit of T ∞ s < 2.0×10
6 K leading to n± = 4.1, a high level of screening consistent with the large ratio of eE l ref 0
to either L or E rl given in Table 1 . With regard to the MSP in Table 3 , PSR J0218+4232 has a large value of E . Even this case, to have n± = 1 would require n The above n± are for the reference values of ζ, l0 and for r = RLC . It might appear that they would be much increased for r ≪ RLC . But this is not the case because the factor, RLC r 2 sin 2 ζ/2
evaluated for a dipole field at 0.1RLC < r < RLC , is of order unity. Of course, pair creation numbers large compared with unity in the acceleration region are not possible owing to charge separation and the formation of charge densities large compared with Goldreich-Julian values. The number of outward moving pairs formed in the field-free region beyond l0 is likely to be not more than of the order of n sec ± < 10 for the reasons stated below, although inward moving pairs will be more numerous in this case because ζ ≈ π. But these latter pairs will be incident on the polar cap, though the curvature photons from which they are produced will mostly pass by the neutron star and may be observable, as noted by Takata, Chang & Shibata (2008) . Heating of the polar cap by electrons or positrons accelerated inward would be observable if the flux were approaching Goldreich-Julian values because even after curvature radiation emission, the remaining energy at the polar cap would be of the order of 500 GeV.
Dense pair production, n sec ± ≫ 1 is possible above the polar caps of Ω · Bs > 0 neutron stars and has been comprehensively studied (see, for example, Harding & Muslimov 2001 , 2002 . It is possible only because the transition rate for the process concerned, single-photon magnetic conversion, is a rapidly increasing function of k ⊥ B, the photon perpendicular momentum component and local magnetic field. Thus the transition rate is negligible at small k ⊥ within the finitefield region needed for acceleration but owing to flux-line curvature and possibly aberration, becomes significant in the field-free region above it. The acceleration region may be limited in extent but is not completely screened. This condition is met only at low altitudes above the polar cap and is not realized elsewhere even in the Crab pulsar. For photon-photon interaction, the ratio of n sec ± to n± is roughly equal to the effective track length outside the acceleration region divided by l0.
A further source of Breit-Wheeler pairs is the interaction between curvature photons in a beam of electrons traversing a curved orbit, giving a rate independent of neutron-star temperature This has been evaluated approximately for the Crab pulsar and n± is several orders of magnitude smaller than unity. It is ∝ BsP −7/3 sin 10/3 (ζ/2) and so is generally negligible for both normal pulsars and MSP. An average value ζ = 0.2 was assumed for the angle arising (8).
from aberration and flux-line curvature, reducing the rate by several orders of magnitude.
OPTICAL AND SOFT X-RAY EMISSION
A small minority of pulsars also have observable optical and soft X-ray emission (see Abdo et al 2013) . The most outstanding case is that of J0534+2200. The cut-off at Ec = 4.2 GeV appears well-established and, with the scaled value of ρ, indicates that a large fraction of the electrons have a Lorentz factor ∼ 2 × 10 7 . Its luminosities can be compared with those of other Fermi LAT pulsars by reference to the values of L, LX and LV listed in Tables 1-3 and drawn directly from Abdo et al. It is obvious that the Crab pulsar is truly sui generis. The ratio L/LX = 0.30, typically three orders of magnitude smaller than for any other Fermi LAT pulsar, for example, 1410 for the Vela pulsar. This includes the MSP whose distribution of LX , though wide, does not obviously differ from the young pulsars of Tables 1 and 2 . We have regarded the primary electrons as homogeneous in energy but in reality there must be some low-energy components if there is a lateral distribution of E . Considered with the transition rates calculated in Section 3, these luminosities are consistent with there being little or no pair creation in outer gaps except for J0534+2200 and J1119-6127. Certainly the luminosity ratios for J0534+2200 represent a break from the remaining young pulsars. This is also indicated by the MSP listed with LX values, whose periods, with the exception of J1939+2134, are longer than average.
The origin of the electrons assumed in the acceleration region was not considered in Section 2, but is it possible that they could be a result of self-sustaining two-photon pair creation? The electron and positron in a pair can be seen as roughly equivalent to a single electron track length l0, except that they have small initial Lorentz factors and non-zero pitch angles, of order α ∼ 0.1, arising from fluxline curvature. They emit both synchrotron and curvature radiation with a critical energy,
in which
represents the effect of synchrotron radiation (we refer to Vigano et al 2015b, and to Chang & Zhang 1996) . The Ec values obtained by Abdo et al have been used to find the values of γ in Tables 1-3 . Let us label these as γ = γ0. Then it follows by direct inspection of equations (10) and (11) that E sync c
(γ0) for all γ < γ0 so that the threshold for two-photon pair creation is not reached by photons emitted during the early acceleration interval of electron or positron. Thus a reasonable approximate criterion for selfsustaining pair creation would be n± > 1. Therefore selfsustaining pair creation appears possible in J0534+2200 and J1119-6127, but not otherwise or in any of the MSP, leading to the conclusion that there must be some other source of outward-accelerated electrons. This is further considered in the following Section.
For either inverse Compton scattering or synchrotron radiation sources the J0534+2200 flux ratios require both a large flux of relatively low-energy electrons and positrons, and photon fluxes that can be supplied only by coherent radio-frequency emission (Cheng & Ruderman 1977) . this is consistent with our conclusion that J0534+2200 is probably the only example of self-sustaining two-photon pair creation. We refer to Lominadze, Machabeli & Usov (1983) , Malov & Machabeli (2001), and Petrova (2003) for recent models for the Crab pulsar optical emission.
Owing to the complex pattern of the radio emission (see, for example, Moffet & Hankins 1996) the sign of Ω · Bs above the polar cap in the Crab pulsar is less obvious than in other cases. The radio-frequency profile has two peaks at longitudes essentially identical with those at optical and Xray frequencies which is possible only with a source near the light cylinder. But there is minor emission described as the low-frequency component (LFC) preceding the main component by 40 deg in phase, almost the same difference as is present in the Vela pulsar between its single well-established radio profile and the optical profile main pulse. It also has the large negative spectral index almost universal in radio pulsars. A high-resolution polarization study at 1.4 GHz (Slowikowska et al 2015) has found that circular polarization is weak or non-existent in the Crab profile except in the LFC in which it is clear, strong and a slowly varying function of longitude. These authors also propose that its source is at low altitude. Such circular polarization is an unambiguous indicator of emission from an ion-proton plasma (Jones 2016) and is consistent with their conclusion.
IMPLICATIONS AND CONCLUSIONS
There must be a net electric charge on a neutron star which is constant when averaged over a rotation period or longer. In the Ω · Bs < 0 case, an ion-proton plasma is accelerated outwards on the sub-set of magnetic flux lines in the open sector which do not pass through the Ω · B = 0 null surface. This plasma is believed to be the source of the coherent radio emission (see Jones 2016) . Although it is not impossible that a fraction of this plasma should re-enter the magnetosphere at the light cylinder, most of it will move outwards into space, so building up a net negative charge on the star. (In the Ω · Bs > 0 case, the outward flux is of electrons and the increasing net charge would be positive.) Two outcomes would be possible if the currents were not balanced: the flow of ion-proton plasma and the coherent emission would cease or the structure of the outer magnetosphere would change so as to allow electron emission, though not necessarily in a time-independent way. The likely region of change would be that beyond the Ω · B = 0 surface where the change of corotational charge density facilitates the outward acceleration of electrons.
Pair creation and magnetospheric structure are connected because an outward flow of secondary pairs can, if the density is high and the velocities not too close to c, change its mean electron-positron relative velocity so as to maintain a Goldreich-Julian charge density, screening any E -component that may have been present. The necessary balancing current arises if a small fraction of either lowenergy positrons or electrons is retained in the magnetosphere.
However, most radio pulsars have periods and fields that do not support pair creation unless flux-line curvature is much smaller than dipole (see Harding & Muslimov 2002) . The extreme example is J2144-3933 whose period, determined by Young, Manchester & Johnston (1999) is 8.51 s, prompting these authors to question whether some some source of radio emission other than pair plasma might exist. (If included in Table 2 , its entry in column 4 would be just 18 GeV.) This pulsar is consistent only with an ion-proton plasma source. It might be argued that neutron stars unable to support polar-cap pair creation maintain net charge constancy through pair creation elsewhere. However, the relative values of L, LX and LV for J0534+2200 and others in Tables 1-3 , and the transition rates in Fig. 2 , both show that there can be little or no pair creation in the outer gap of all except a very small number of Fermi LAT pulsars. Consequently, the model of a corotational magnetosphere must be modified to allow electrons to enter the acceleration region beyond the Ω · B = 0 null surface.
A modification of this kind has been discussed recently by Melrose & Yuen (2012 , 2014 who investigated the effect of partial screening of the induction field present in a nonaligned neutron star. The immediate effect is a departure from corotation so that current flows laterally through the surface separating open and closed sectors. Thus electrons enter the open region beyond the null surface so providing, in principle, the flux assumed in Section 2. We refer to Jones (2015) for a brief commentary on this problem.
The case of polar-cap Ω · Bs > 0 neutron stars differs from the above. Curvature radiation pair creation is certainly possible at low altitudes above the polar cap in young pulsars. But owing to the screening capacity of a high flux of secondary pairs, it is then not possible for an outer gap to form and produce the observed GeV γ-emission. A high flux of secondary pairs can always adjust to the local corotational charge density and at the light cylinder, maintain net charge constancy for the whole neutron star.
If pair creation were absent, primary electrons would be accelerated outwards on flux lines not passing through the null surface and there would be a balancing current of positive charges entering the open sector beyond the null surface. The outer region of the closed magnetosphere contains protons or ions in an electrostatic and gravitational equilibrium that precludes positrons, of which there also no sources. Thus the balancing current must consist of baryonic-mass particles and in consequence, would produce no GeV γ-emission. Lorentz factors would be too large and number densities too small to permit growth of Langmuir modes so that there is no obvious source of coherent radio emission. The only emission would be curvature radiation (X-rays and γ-rays) from the primary electrons accelerated from the polar cap.
It is likely that few, if any, of the Fermi LAT pulsars fall into this category. Abdo et al suggest that the difference in beam correction factors for normal young pulsars between radio and γ-emission is an adequate explanation for the observed division between radio-loud and radio-quiet. This is also consistent with the almost complete absence of radioquiet MSP. (The radio beam correction factor is ∝ P −1/2 .) Neutron stars with polar-cap Ω · Bs > 0 are presumably formed but we believe that in general they are not radio-loud, at least with the universal large negative spectral index, and are unlikely to be present in the Fermi LAT catalogue. A number of known objects may fall into this category, possibly the Central Compact Objects (CCO; Gotthelf, Halpern & Alford 2013) and the X-ray Isolated Neutron Stars (XINS; Kaplan & van Kerkwijk 2009 ). These, particularly the XINS, are near us and some have observable thermal or magnetospheric X-ray emission enabling measurement of their periods and period derivatives. It remains possible that they may include Ω·B < 0 pulsars whose radio beams miss the Earth.
But Ω · Bs > 0 neutron stars, although loosely described as dark, remain interesting because a fraction of their spin-down energy loss may appear in other parts of the electromagnetic spectrum. The Crab pulsar has been tentatively assigned to the Ω · Bs < 0 class on the basis that the LFC, having circular polarization slowly varying with longitude, is the polar-cap emission. The source of the main and inter-pulse radio components can be only those electrons and positrons that are also the origin of the optical and X-ray emission whose profiles are essentially the same. Thus coherent emission must be possible at the light cylinder given sufficient electron-positron densities. (The absence in present observations of such radio components in Vela is a further indication that its secondary pair density at the light cylinder is small or negligible.) Coherent emission, apart from maser action, depends on fluctuations in local charge density and thus on the local plasma frequency. This is a function of the particle mass and would indicate polar-cap emission 10 − 100 GHz, rather than the frequencies usually observed, and with luminosities smaller than observed in the ion-proton case (Jones 2014) . The high-frequency emission of some magnetars (Camilo et al 2007; Serylak et al 2009) may also be an electron-positron phenomenon. The conclusion is that Ω · Bs > 0 neutron stars may have interesting emission though its observation probably requires more work at higher frequencies and the higher sensitivity of the Square Kilometre Array.
